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I.  SUMMARY 

Work  on  the  construction  of  an  adiabatic  calqrimeter  for  heat  capac- 
ity studies  in  the  range  15°-360°  X.  is  progressing  satisfactorily.  A 
cryostat  for  the  calibration  of  platinum  thermometers  to  be  used  in  the 
calorimeter  is  under  construction. 

Geiger- counter  spectrometer  measurements  of  the  relative  line  in- 
tensities of  lanthanum  nitride  (LaH)  and  fl-(f.e.e.)  lanthanum  haw  been 
made  which  are  in  general  agreement  with  the  results  obtained  earlier 
using  less  accurate  film  techniques. 

A research  paper  entitled  * Crystal  Structure  and  Superconductivity 
of  Lanthanum"  has  been  published  in  The  Journal  of  the  American  Chemical 
Society  75,  1215  (1953). 

II.  i/W-fEMPK&AIURR  RESEARCH 
A.  Low-Temperature  Calorimeter 

Further  progress  has  been  mads  on  the  construction  and  instrumentation 
of  the  adiabatic  shield  calorimeter  mentioned  in  earlier  status  reports.'*^ 
This  calorimeter  is  to  be  used  to  measure  the  heat  capacities  of  rare 
earth  compounds,  particularly  lanthanum  oxide  (LagO^)  and  neodymium  oxide 
(NdgO-j) , over  the  range  15°  to  360°  X» 

A precision  platinum  thermometer  of  the  Meyer' s type  made  by  Leeds 
and  Korthrup  Company,  has  been  calibrated  for  us  by  the  National  Bureau 
of  Standards  on  the  International  Temperature  Scale  down  to  90°  X.  and  by 
comparison  against  the  NBS  temperature  scale  from  90°  t“  10°  X.  This 
thermometer  will  serve  as  the  primary  temperature  standard  for  the  calorim- 
eter. Three  platinum  resistance  thermometer's  to  serve  as  secondary  standards 
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are  under  construction.  These  will  be  calibrated  by  comparison  with  the 
primary  thermometer  at  a number  of  points  in  a suitable  cryostat  now  under 
construction. 

III.  CRYSTAL  STRUCTURE  STUDIES 

X-ray  diffraction  methods  have  been,  and  are  being,  used*  wherever 
possible  to  characterise  substances  under  study  for  superconductivity  and 
heat  capacity  measurements.  Additional  measurements  which  have  recently 
been  completed  are  described  below. 

A.  Crystal  Structure  of  Lanthanum  Nitride  (LaH^  and  P -Lanthanum 

In  a previous  publication2  the  intention  was  announced  of  using  a 
newly  acquired  Geiger  counter  spectrometer  to  obtain  more  accurate  meas- 
urements of  relative  line  intensities  than  had  been  obtained  with  film 
techniques.  Such  measurements  have  now  been  made.  The  equipment  used  was 
the  North  American  Philips  "High  and  Low  Angle  Wide  Range  X-ray  Spectrom- 
eter-Goniometer," with  automatic  recording  and  copper  radiation,  together 
with  a specially  devised  specimen  holder  designed  to  prevent  contact  of 
the  powder  specimen  with  air. 

The  results  for  lanthanum  nitride  are  in  general  agreement  with  those 
obtained  with  film  techniques,  i.e.,  the  pattern  observed  for  L&N.  (Er- 
perlment  252)  is  more  like  that  calculated  for  an  NaCl-type  LaN  lattice 
than  for  a ZnS  or  random  type.  However,  the  agreement  is  not  as  good  as 
might  be  expected.  This  lack  of  agreement  may  indicate  false  assumptions 
in  the  method  of  calculating  the  relative  line  intensities,  or  it  may 

Such  measurements  and  their  analysis  have  been  largely  the  work  of  Mr. 

R.  A*  Young,  who  is  presently  in  charge  of  the  X-ray  Laboratory  of  the 
Engineering  Experiment  Station. 
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indicat*  that  the  experimental  sample  was  not  exactly  an  NaCl  structure,  even 
though  it  approximated  this  structure.  The  lack  of  agreement  could  not  be 
accounted  for  by  experimental  error  in  the  measurements,  but  could  conceiv- 
ably, although  not  probably,  result  from  the  superposition  of  the  lines 
from  another  compound  (not,  however,  lanthanum  metal)  upon  the  lines  of  LaN. 

The  agreement  obtained  between  the  measured  and  calculated  relative 
intensities  of  the  lines  for  0-(f.c.c.)  lanthanum  was  much  better  than  for 
LaN.  However,  again,  the  agreement  was  not  as  good  as  might  be  expected. 

The  reason  for  this  disagreement  is  not  known o 

B.  Crystal  Structure  of  Cerium  Barth  Oxides 

The  cerium  earth  oxides  of  the  formula  E_0^  have  been  reported  to  ex- 
hibit two  different  structures,  a "hexagonal"  type  and  a "cubic"  type.  X-ray 
diffraction  experiments  designed  to  aid  in  the  characterisation  of  the  La^O^ 
and  SdpO^  samples  (which  are  to  be  studied  caloriaetrically)  have  been  begun. 

IV.  OTHER  ACTIVITIES 

A paper  entitled  "Crystal  Structure  and  Superconductivity  of  Lanthanum" 
by  V.  T.  Ziegler,  R.  A.  Young,  and  A*  L=  Floyd,  Jr.  appeared  in  the  March 
5 issue  of  The  Journal  of  the  American  Chemical  Society  75,  1215  (1953). 

A copy  of  this  paper  is  attached  to  the  present  report.  This  paper  is  a 
summary  and  extension  of  work  presented  in  earlier  technical  reports. ^>6 
Part  of  the  work  reported  is  taken  from  the  theses  carried  out  by  Mr. 

Young  (1950)  and  Mr.  Floyd  (191*9)  for  the  Master's  degree  in  physics. 

A paper  entitled  "Studies  of  Compounds  for  Superconductivity"  by  W. 

T.  Ziegler  and  R.  A°  Young  is  scheduled  to  appear  in  the  April  1,  1953, 
issue  of  The  Physical  Review. 
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Notice  has  been  received  of  the  extension  of  the  present  contract 
fro*  July  1,  1953,  to  July  1,  1955. 

Vo  SUTURE  WO  HE 

Construction  and  testing  of  the  adiabatic  calorimeter  will  be  continued. 
Construction  and  testing  of  the  cryostat  for  intercomparison  and  calibration 
of  platinum  thermometers  will  continue.  It  is  hoped  that  calibration  of 
the  thermometers  can  be  started  shortly. 

Studies  on  the  crystal  structures  of  the  cerium  earth  oxides  will  be 
continued. 

Preparation  of  a technical  report  of  work  carried  out  during  the  past 
few  years  on  the  chemistry  of  the  rare  earths  will  be  continued. 
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The  Crystti  Structure  and  Superconductivity  of  Lanthanum  1»t 

By  W.  T.  Ziegler,  R.  A.  Young  and  A.  L.  Floyd,  Jr. 

Received  October  3,  1952 

The  crystal  structure  of  lanthanum  has  been  studied  by  powder  X-ray  diffraction  techniques  at  room  temperature  and  the 
existence  of  the  hexagonal  dose-packed  (h.c.p.)  and  face-centered  cubic  (f.c.c.)  modifications  confirmed.  The  rate  of 
interconversion  of  these  crystal  forms  has  been  found  to  be  slow.  However,  it  has  been  shown  that  the  f.c.c.  modification 
can  readily  be  converted  to  the  h.c.p.  structure  at  room  temperature  by  severe  deformation  such  as  result  when  filings  are 
produced  from  a massive  specimen.  The  crystal  structure  of  lanthanum  filings  in  the  h.c.p.  form  was  not  affected  by  cooling 
to  liquid  helium  temperatures;  the  same  result  (with  one  possible  exception)  was  noted  with  filings  having  the  f.c.c.  structure. 

Six  different  samples  of  lanthanum  have  been  examined  for  superconductivity  by  a magnetic  method.  It  was  found 
that  bulk  specimens  cut  from  the  six  samples  in  the  as-received  state  each  exhibited  a transition  into  superconductivity  in 
the  range  3.1*  to  5.45  °K.  Heat  treatment  for  four  days  at  350*  raised  the  transition  temperatures  somewhat.  The  three 
purest  samples  all  gave  a transition  temperature  of  very  nearly  5.4  *K.  From  X-ray  diffraction  studies  made  of  the  bulk 
specimens,  together  with  studies  made  on  filings,  it  was  concluded  that  both  the  f.c.c.  and  h.c.p.  modifications  of  lanthanum 
are  superconductors,  the  f.c.c.  modification  having  a transition  temperature  near  6.4  °K-,  while  the  h.c.p.  modification  (in  a 
strained  state)  has  a transition  temperature  of  3.9  “K.  or  greater. 


Introduction 

The  relation  between  crystal  structure  and  super- 
conductivity in  alio  tropic  modifications  of  the 
elements  has  been  investigated  only  for  tin.  As 
is  well  known,  white  tin  is  a typical  superconductor, 
whereas  gray  tin  (the  stable  form  below  16°) 
is  not  a superconductor  down  to  the  lowest  tem- 
perature tried  (1.32°K.).*  These  two  forms  of  tin 
differ  quite  markedly  in  crystal  structure,  electrical 
conductivity,  and  in  other  physical  properties. 
In  particular,  white  tin  is  a typical  metallic  con- 
ductor; gray  tin,  on  the  other  hand,  is  a semi- 
conductor, its  conductivity  decreasing  with  de- 
creasing temperature.4  As  far  as  the  authors  are 
aware  no  semiconductor  has  been  shown  to  exhibit 
superconductivity.* 

A search  for  other  dements  having  alio  tropic 
modifications  which  might  be  suitable  for  such  a 
study  revealed  that  lanthanum,  cerium  and  praseo- 
dymium are  reported  to  exist  in  both  the  cubic 
dose-packed  (i. c.c.)  and  hexagonal  dose-packed 
(h.c.p.)  structures.  Both  of  these  structures  would 
be  expected  to  be  good  electrical  conductors. 

A survey  of  the  literature  made  at  the  time  the 
present  work  was  begun  showed  that  both  lan- 
thanum and  cerium  had  been  examined  for  super- 
conductivity, of  which  only  lanthanum  was  re- 
ported to  be  a superconductor  (4.2-4.7°K.). 
The  crystal  structure  of  the  materials  investigate! 
was  not  given.  Recently  cerium  and  praseo- 
dymium have  been  shown  not  to  exhibit  super- 
conductivity dewn  to  0.25°K.*  The  crystal  struc- 
ture of  the  specimens  investigated  was  not  given. 

Th<*  nfPVtlf  nanor  l«  o rtf  wnrlr  i Olit 

■ r~  ~~~ " r-— jr •**  **  **r  * — ”*“** 

to  examine  the  relation  between  thecrystai  structure 
and  superconductivity  of  lanthanum.  This  metal 
was  chosen  because  of  its  availability  from  several 
sources  in  reasonably  pure  form  and  because  it 
seemed  to  give  promise  of  ready  conversion  from  the 

(1)  Carried  out  with  tbe  assistance  of  tbs  Office  of  Kinl  Research 
under  Contract  Nfl-ort-192. 

(2)  Taken  in  pert  bom  tie  Master's  these*  In  Phyrfc*  of  R.  A. 
Young  (1940)  end  A.  L.  Fiord,  Jr.  (1949). 

(*)  O.  Sharrin,  J.  Phyr.  (U-SJ.R).  •,  340  (1945);  C.  A.,  40,  3120 
(1M0). 

(4)  J.  T.  KenieJl,  Prat.  Pkyt.  Sot.  {London),  4SB,  821  (1950). 

(4)  W.  T.  Seder,  Ktuarch  Bntfnttr,  GeorfU  Institute  of  Tech- 
nology, No.  4,  14  (1044-1047). 

(«)  B.  B.  Goodman,  Naturt,  UT,  ill  (1041). 


h.c.p.  to  the  f.c.c.  modification.  The  studies  which 
have  been  made  are  presented  in  two  parts.  Fart 
I deals  with  studies  made  of  the  crystal  structure 
of  lanthanum,  particularly  with  the  interconversion 
of  the  h.c.p.  and  f.c.c.  modifications.  Part  II 
deals  with  the  superconductivity  studies  made  of 
the  lanthanum  specimens.  The  primary  purpose 
of  the  structure  studies  was  to  aid  in  the  charac- 
terization of  the  specimens  tested  for  supercon- 
ductivity. 

Fart  L Crystal  Structure  of  Lanthanum 

Lanthanum  has  been  shown  by  powder  X-ray 
diffraction  techniques  to  exist  in  the  hexagonal 
cl ose- packed (h.c.p.)  and  face-centered  cubic1*-11 
(f.c.c.)  structure.  Measurements  of  heat  capa- 
city,11 electrical  resistance,1*  coefficient  of  linear 
expansion1*  and  magnetic  susceptibility14  as  a func- 
tion of  temperature  have  revealed  anomalies  in 
these  properties  in  several  temperature  regions. 
These  anomalies  suggest  that  lanthanum  may 
exist  in  more  than  two  alio  tropic  modifications. 

In  the  present  work  a study  of  the  h.c.p.  and  f.c.c. 
modifications  of  lanthanum  has  been  made  using 
the  powder  X-ray  diffraction  method  at  room 
temperature.  The  studies  made  include  the  effect 
of  various  heat  treatment  conditions  on  the  rate 
of  transition  from  the  h.c.p.  to  f.c.ci  structure,  the 
rate  of  transition  of  the  f.c.c.  to  the  h.c.p.  structure 
at  room  temperature,  and  the  effect  of  cooling  to 
liquid  nitrogen  and  helium  temperatures. 

Experimental 

All  but  a few  of  the  X-ray  diffraction  studies  were  carried 
out  Gil  lisnihwiiuiii  in  iuc  lone  ul  filings.  A General  Electric 
XJR.O-1  unit  equipped  with  14.32  cm.  dirmeter  powder 
cameras  was  used  in  all  experiments.  Filtered  Cu  K„ 
radiation  was  generally  used.  Exposure  times  were  3-5 
hours  with  25  ma.  and  35  kilovolts  across  the  tube.  A few 
diffraction  pictures  were  taken  with  molybdenum  radiation 


(7)  J.  C.  McLennan  and  R.  W.  McKay,  Trom.  Roy.  Sot.  (Canada), 
Iir,  34.  33  (1930). 

(3)  L.  L.  Quin,  Z.  onorf.  oUftm.  Chtm.,  300,  273  (1932). 

(9)  A.  Rossi.  Nairn,  133,  174  (1934). 

(10)  R.  Zlnt!  and  S.  Neuma/r,  Z.  EUktrochtm.,  33,  84  (1933). 

(11)  W.  Eemn  and  H.  Bo  miner,  Z.  anort . aUftm.  Cham..  331,  138 
(1937). 

(12)  F.  M.  Jaeger,  J.  A.  Bottema  and  B.  Roaenbohm,  Rat.  trai. 
cMm..  Ot,  1137  (iy3»>. 

(13)  F.  Trornbe  and  M.  Foex,  Comfil.  rand.,  31T,  401  (1943). 

(14)  P.  Trombc,  Hid..  133,  1491  (1934). 
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using  a zirconium  filler  became  of  tie  smaller  absorption 
coefficient  of  lanthanum  for  this  radiation. 

The  lanthanum  filings  were  prepared  by  filing  the  bulk 
specimen  of  lanthanum  in  a diy-bor  under  dry  nitrogen, 
care  being  taken  to  first  remove  any  surface  films.  Helium 
gas  was  used  in  a few  instances,  but  gave  results  identical 
wiiij  ihusc  u'otaiucu  wheu  nitrogen  was  used.  Experiments 
described  elsewhere15  showed  that  dry  nitrogen  reacts  slowly 
(if  at  all)  with  lanthanum  filings  at  room  temperature. 
Pyres  glass  capillaries  were  filled  in  the  dry -box  and  sealed 
immediately  upon  removal. 

A few  studies  were  made  using  bulk  specimens.  The  sur- 
face was  protected  from  contact  with  air  during  the  exposure 
to  X-rays  bv  means  of  paraffin,  a hydxOuuboa  uu,‘  uy  en- 
closing the  specimen  in  a gelatin  capsule,  or  by  a thin  film 
of  aluminum.  The  first  three  techniques  used  were  not 
very  satisfactory,  largely  oecause  of  the  difficulty  of  com- 
pletely preventing  surface  oxidation.  The  use  of  an  alumi- 
num film  (estimated  to  be  1000-2000  A.  thick),  produced  by 
evaporation  In  a high  vacuum,  gave  good  results,  there  be- 
ing no  evidence  of  oxidation  during  the  time  required  for  ex- 
posure to  X-rays  (6-8  hr.). 

All  line  positions  were  measured  visually  to  0.1  mm.  Line 
intensities  were  estimated  visually.  All  results  were  calcu- 
lated by  taking  the  unresolved  K<*  lines  and  the  K«  line 
to  have  wave  lengths  of  1.639  and  1.637  kx.  units,  respec- 
tively. The  observed  data  were  corrected  either  on  the 
basis  of  a scries  of  diffraction  patterns  taken  of  pure  KC1 
powder  or  by  the  septum  technique  using  copper  and  silver 
as  standards. 

Description  of  Lanthanum  Materials. — Six  different 
lanthanum  materials  were  investigated.  All  were  sections 
cut  from  cast  rods.  Three  of  these,  designated  as  Cooper  1, 
Cooper  2 and  Cooper  3,  were  obtained  at  different  times  from 
Cooper  Metallurgical  Associates,  Cleveland,  Ohio.  These 
were  analyzed  by  spectroscopic  and  spectrophotometric 
methods,  by  direct  preopitation  as  the  oxalate  and  by  ion- 
exchange  techniques.  The  analytical  results  (in  %)  for 
Cooper  1,  2 and  8,  respectively,  were:  La,  95.3,  66.6, 64  8; 
Ce,  1.3,  1.1,  0.3;  Nd,  0.4,  0.4,  0.6;  Pr,  0.2,  0.2,  < 0.1; 
other  nue  earths,  0.3, 0-2,  <0.1;  Si,  0.7, 0.7,  0-1;  Fe,  0.8. 
0.8, 0.8;  unaccounted  for,  1.0,  1.3,  3.4.  Trace  amounts  ot 
a number  of  other  metals  were  detected  spectrographically. 

Two  spearmens,  Speddiu*  1 and  Spedding  2,  were  ob- 
tained at  different  times  from  Dr.  F.  H.  Spedding,  Iowa 
State  College,  Ames,  Iowa.  Spectrographic  analysis  of 
Spedding  1 showed  that  it  con  tamed  0.13%  Be,  0.1%  Mg 
traces  (estimated  to  be  a iew  hundredths  of  a per  cent.) 
of  calcium,  aluminum  and  iron,  and  was  free  of  other  rare 
earths.  Direct  precipitation  as  oxalate  gave  a lanthannm 
content  of  97.3%.  Spectrographic  examination  of  the 
sample  designated  as  Spedding  2 showed  it  to  be  consider- 
ably purer  than  Spedding  I ; It  contained  < 0.01%  Be  and 
traces  of  A1  and  Mg.  The  sixth  specimen  (0.85  g.)  was  ob- 
tained from  Adam  HOger,  Ltd.,  and  bore  the  designation 
Lab.  No.  7259.  It  was  reported  to  contain  a total  of  0.5- 
1.0%  aluminum,  silicon  and  tungsten  and  to  be  substantially 
free  of  other  rare  earths. 

No  chemical  analyses  of  the  specimens  for  carbon,  nitro- 
gen, oxygen  or  hydrogen  were  made.  The  presence  of  carbon 
in  the  Cooper  and  Spedding  specimens  was  inferred  from  the 
acetylcne-like  odor  (more  pronounced  in  the  Cooper  speci- 
mens) given  off  when  the  filings  were  dissolved  in  dilute 
hydrochloric  acid.  X-Ray  diffraction  analysis  of  the  metal 
filings  from  all  specimens  showed  that  all  except  a few  faint 
liiics  were  assgnaiue  ether  to  a h.c.p.  or  f.c.c.  lanthanum 
structure.  These  faint  lines  were  identified  as  belonging  to 
lanthanum  hydride. 

Experimental  Results 

Hes-gona!  Class -Packed  Lanthanum. — Lanthanum  has 
been  reported  to  exhibit  the  h.c.p.  structure  at  room  tem- 
perature by  McLennan  and  McKay,7  Quill'  and  Rossi.' 
The  purity  and  thermal  history  of  the  specimens  investi- 
gated were  not  given.  ZintI  and  Nsumayr**  reported  that 
a specimen,  containing  99.0%  lanthanum  (the  remainder 
consisting  of  silicon,  aluminum  and  carbon)  had  primarily 
the  h.c.p.  structure;  the  lines  obtained  were  so  diffuse  that 
no  exact  measurements  could  be  made.  In  all  these  studies 
the  lanthanum  powder  investigated  was  prepared  by  filing. 

(IS)  R.  A.  Yoons  *t>d  W.  T.  Ziigler,  This  Jooxnal,  T4,  S261 
(1952). 


Filings  taken  from  the  six  lanthanum  specimens  in  the 
' ‘as-received condition  all  had  the  h.c.p.  structure  The 
h.c.f>.  lines  obtained  were  somewhat  diffuse,  making  exact 
measurements  impossible.1*  The  results  of  the  present  re- 
search are  compared  with  the  work  of  other  investigators 
in  Table  I.  The  relative  intensities  of  the  lines  agreed 
doseiy  with  those  reported  by  Quill.* 


Table  I 

Limes  Parameters  of  H.C.P.  Lanthanum 


Observer 

MeT^nwain  aroj  Mo 

Xay7 

Quill  > 

Rooai' 

TU*  research 


L *•  . 

kx.  amts 


c, 

kx.  units 


c/a 


3.72  (0.06)  l.GJ 

3.764  db  0.010  6.061  ± 0.030  1.613 

3.767  6.06  1.61 

3.74  ± 0.01  6.06  ±0.02  1.62  de  0.01 


Face-centered  Cubic  Lanthanum. — ZintI  and  Ncumayr** 
have  been  able  to  convert  finely  divided  lanthanum  from 
the  h.c.p.  to  the  f.c.c.  structure  by  heating  in  a vacuum 
furnace  at  350°  for  several  days.  Klemm  and  Bommer,u 
using  liquid  potassium  and  cesium,  reduced  the  anhydrous 
chloride  at  350-409°  to  obtain  finely  divided  lanthanum 
having  the  f.c.c.  stru-ture.  Klemm  and  Bommer  com- 
pared these  results  with  those  they  obtained  from  prepara- 
tions made  at  «h™inr  temperatures  by  treating  finely  di- 
vided lanthannm  (obtained  from  bulk  lanthanum)  with 
potassium,  rubidium  and  cesium  metals.  No  differences 

nac  u'uoa  veu  lu  uic  via  iuus  piepurauons. 

We  also  have  been  able  to  prepare  the  f.c.c.  modification 
by  heating  lanthanum  filings  for  two  to  four  days  at  350- 
400°.  Staled  Pyrex  capillaries  containing  the  filings  were 
examined  before  and  after  heat  treatment.  Whereas  before 
heat  treatment  the  filings  always  gave  a h.c.p.  pattern  with 
relatively  diffuse  lines,  after  heat  treatment  the  diffraction 
lines  were  quite  sharp,  the  principal  lines  always  correspond- 
ing to  a f.c.c.  structure.  The  at  calculated  for  this  struc- 
ture and  the  observed  relative  intensities  of  the  lines  agree 
quite  well  with  those  reported  by  ZintI  and  Netunayr  and 
Klemm  and  Bommer  (see  Table  II). 

In  addition  to  the  principal  f.c.c.  pattern  most  films 
showed  several  faint  to  medium  faint  lines  assignable  to  the 
h.c.p.  structure,  a number  of  weak  lines  assignable  to  the 
“hydride”1*  and  a pattern  of  faint  lines  (referred  to  here- 
after as  the  “y”  structure)  assignable  to  a second  f.c.c. 
structure  having  an  at  0.5-1%  less  than  that  assigned  to 
f.c.c.  lanthanum. 

All  six  lanthanum  samples  behaved  similarly . - 


Table  U 

Lattice  Parameter  of  Facb-cbnthrkd  Cubic  Lanthanum 


Ohxmf 

ZintI  and  Netunayr1* 
Klemm  and  Bommer1* 
This  research 


9a. 

kx.  emit* 


5.266  ± 0.002 
6.294  ± .0C2 
5.286  ± .005 


Rossi*  has  noted  that  the  f.c.c.  modification  of  lanthanum 
seemed  to  be  only  a surface  effect,  since  annealed  specimens 
gave  the  h.c.p.  pattern  after  removal  of  a very  thin  outer 
layer.  Iandelli  and  Botti17  suggested,  in  view  of  Rossi’s 
observation,  that  the  pattern  previoudy  ascribed  to  f.c.c. 
lanthanum  might,  is  fact,  be  due  to  a surface  formation  of 
lanthanum  nitride,  since  the  lattice  parameters  of  these 
two  substances  are  the  same.  It  has  been  shown  by  us** 
that  the  X-ray  diffraction  patterns  of  f.c.c.  lanthanum  and 
lanthanum  nitride  powders  are  detec tably  different.  Fur- 

/Iff)  Mont  *lau  showed  a number  of  additional  rather  weak  Hues 
the  positions  of  which  agreed  cloeely  with  the  f.cc.  pattern  to  be  ex- 
pected for  lanthanum  hydride  aa  reported  by  Rowri.*  The  prominence 
of  thif  "hydride"  pattern  varied  from  sample  to  sample,  beinff  some- 
what stronger  in  the  Cooper  specimens.  Unpublished  work  by  a*  has 
confirmed  the  observations  of  Rossi,  end  has  shown  that  the  as  of 
LaHx  increased  from  5.(12  to  5.55  kx.  units  as  x decreased  from  2.45  to 
OH.  The  lattice  parameter  of  the  "hydride"  patterns  observed  in  the 
various  specimens  fell  within  these  limits.  The  presence  of  the 
"hydride"  pattern  made  the  identification  of  the  h.c.p.  pattern  difficult 
especially  if  the  f.c.c.  pattern  was  also  present. 

(17)  A.  Iandelli  and  B.  Botti,  Atti  acccd.  nasi.  Linen.  Closse  id.  Jis . 
mat.  t nat.,  If,  (1937). 


March  5,  1953 


Crystal  Structure  and  Superconductivity  op  Lanthanum 


1217 


thermorr,  filings  carefully  prepared  and  handled  under  he- 
lium ga'j  to  minimize  lanthanum  nitride  formation  gave  the 
the  same  result*  as  taose  prepared  imder  dry  nitrogen. 
X-Ray  diffraction  photographs  taken  of  the  heat  treated 
filing*  using  molybdenum  radiation,  which  is  much  less 
strongly  absorbed  than  copper  radiation,  gave  the  same 
f.c.c.  structure  as  did  copper  radiation.  It  has  therefore 
been  concluded  that  the  f.c.c.  modification  is  not  a surface 
effect. 

Interconversion  of  H.C.P.  and  F.C.C.  Lantha- 
num. A.  Hie  Transition  H.C.P.  F.C.C. — 

The  experiments  of  Zintl  and  Neumayr11  and 
Klemm  and  Bommer11  suggest  that  the  temperature 
for  this  transition  is  below  350°.  Trombe  and 
Foex1*  have  measured  the  coefficient  of  linear  ex- 
pansion of  lanthanum  (99.2%  La)  over  the  range 
— 190°  to  550°.  They  found  that  the  expansion 
was  linear  between  —190°  and  150°.  Between 
150°  and  375°  hysteresis  developed,  the  volume  at  a 
given  temperature  depending  upon  whether  the 
sample  was  being  wanned  or  cooled.  This  hy- 
steresis was  attributed  by  them  to  the  coexistence 
of  the  h.c.p.  and  f.c.c.  forms,  the  h.c.p.  being 
assumed  to  exist  in  the  range  —190°  to  iny-  and 
the  f.c.c.  above  375°. 

We  have  heated  sealed  Pyrex  capillaries  containing  lan- 
thanum filing's  (Ctnnner  IV  known  to  he  in  the  h.c.n.  form 

for  two  days  its' a vacuum  furnace  at  254°,  354"  and  400°. 
The  capillaries  were  cooled  to  room  temperature  in  the 
furnace  over  a period  of  seve-al  hours . After  heat  treatment 
the  capillaries  were  again  examined  by  X-ray  diffraction 
and  the  extent  of  the  conversion  to  the  f.c.c.  structure 
noted.  It  was  found  that  the  filings  heated  at  254* 
consisted  of  the  f.c.c.  and  h.c.p.  forms  in  about  equal 
amount,  while  those  heated  at  354*  and  400"  were  pre- 
dominantly f.c.c-  with  only  a small  amount  of  h.c.p.  form. 
The  h.c.p.  lines  were  still  relatively  more  diffuse  than  the 
Hues  for  the  f.c.c.  structure.  In  a second  series  of  experi- 
ments filings  (Cooper  2)  having  the  h.c.p.  structure 
showed  no  nobceable  change  in  diffraction  pattern  after 
four  days  at  150®,  but  showed  almost  complete  conversion 
in  two  days  at  400®. 

Lanthanum  filings  heated  in  a molybdenum  boat  under 
high  vacuum  for  four  hours  (Cooper  1)  and  13  hours  (Cooper 
2)  at  700*  gave  diffraction  patterns  very  similar  to  those 
obtained  with  filings  heated  »*  350-400®,  except  that  no 
h.c.p.  lanthanum  appeared  to  be  present.  The  “y”  struc- 
ture was  still  present. 

In  another  experiment  lanthanum  filings  (Sped ding  2) 
having  the  h.c.p.  structure  were  heated  slowly  to  290®  over  a 
period  of  3.5  hours,  held  at  290-302®  for  three  hours  and 
then  cooled  to  room  temperature  in  the  course  of  several 
hours.  X-Ray  diffraction  shewed  that  the  primary  struc- 
ture was  still  h.c  p.  with  a small  amount  of  the  f.c.c.  modi- 
fication now  present. 

Prom  the  experiments  it  va s concluded  that  the  transition 
from  h.c.p.  to  f.c.c.  structure  begins  in  the  range  150-254® 
confirming  the  observations  of  Trombe  and  Foex, 11  proceeds 
rather  slowly  at  300®  and  even  after  four  days  at  400®  a 
trace  of  h.c.p.  may  still  be  evident. 

B.  The  Transition  F.C.C,  H.C.P-- The  pres- 

ence of  a small  amount  of  the  h.c.p.  iuodiucatiou  in 
the  predominantly  f.c.c.  filings  after  heat  treat- 
ment at  350-400°  was  thought  possibly  to  be  due 
to  a small  amount  of  conversion  during  the  rather 
slow  cooling  in  the  furnace.  However,  no  differ- 
ences were  noted  between  Cooper  2 filings  cooled  to 
room  temperature  rapidly  (in  a few  seconds)  and 
over  a period  of  several  hours.  In  each  instance  the 
filings  had  primarily  the  f.c.c.  structure  with  a 
trace  of  the  h.c.p.  structure  also  present. 

In  order  to  examine  the  rate  of  change  of  the  f.c.c.  to  the 
h.c.p.  structure  at  room  temperature  capillaries  containing 
filings  from  Cooper  1 , Cooper  2 and  the  ti  iiger  specimen  were 
heat  treated  at  350°  for  four  days,  cooled  to  room  tempera- 


ture and  powder  X-ray  diffraction  photographs  taken.  A1 
filings  were  f.c.c.  with  traces  of  h.c.p.  and  the  "y”  struc- 
ture. The  capillaries  were  stored  at  room  temperature  and 
examined  at  intervals  over  a period  of  a year.  No  notice- 
able changes  occurred  in  the  Cooper  specimens,  while  the 
Hilger  filings  showed  at  most  only  a slight  increase  is  the 
amount  of  the  h.c.p.  modification.  No  change  could  be 
detected  in  the  “y”  structure  lines.  Filings  from  Cooper 
3,  Spedding  1 and  Spedding  2,  beat  treated  in  a similar 
manner,  showed  no  change  after  19,  31  and  9 months,  re- 
spectively. Another  set  of  capillaries  containing  Cooper  1, 
Cooper  2 and  Hilger  lanthanum,  heat  treated  at  400*  for 
four  days,  showed  no  changes  over  a 6-month  period. 

In  smother  series  of  experiments  capillaries  containing 
Cooper  1 lanthanum  filings  known  to  be  in  the  f.c.c.  modi- 
fication were  heated  for  five  days  at  100*  on  the  assumption 
that  this  treatment  might  introduce  nuclei  having  the  h.c.p. 
structure.  The  capillaries  v.  are  then  repeatedly  cooled  and 
wanned  between  —195*  and  room  temperature  by  dipping 
in  a liquid  nitrogen  bath.  (Trombe  and  Foex1*  found  this 
method  satisfactory  for  converting  cerium  from  the  f.c.c. 
to  the  h.c.p.  structure).  Examination  of  the  capillaries 
shewed  no  change  in  the  crystal  structure  of  the  filings. 
Similar  results  were  obtained  with  filings  heat  treated  at 
200®  and  250®. 

These  experiments  all  lead  to  the  conclusion  that  the  rats 
of  transition  of  the  f.c.c.  to  the  h.c.p.  modification  is  slow. 
On  the  other  hand,  severe  deformation,  such  as  filing,  pro- 
duced rapid  U&nsfoimatkm  (see  heloyr). 

Crystal  Structure  of  Massive  Lanthanum  Speci- 

mms The  cHichtre  dnHiec  cn  far  dwerihed  were 

primarily  concerned  with  lanthanum  filings.  Ex- 
periments were  also  performed  with  massive  lan- 
thanum specimens  in  the  form  of  small  cylinders 
(approx.  5 X 20  mm.)  since  these  were  to  be  ex- 
amined for  superconductivity. 

Examination  of  the  literature  reveals  no  instance 
in  which  the  crystal  structure  of  massive  lanthanum 
has  been  determined.  In  our  earlier  experiments 
it  was  assumed  that  the  structure  of  massive  lan- 
thanum specimens  could  be  inferred  from  that  of 
filings  taken  from  the  specimen  in  the  "as-received” 
state  and  from  filings  heat  treated  simultaneously 
with  the  massive  specimen.  However,  later  experi- 
ence showed  that  filings  taken  from  massive  speci- 
mens of  all  six  lanthanum  samples  after  heat 
treatment  for  four  days  at  350-400°  always  gave 
primarily  the  h.c.p.  structure  with  an  occasional 
trace  of  the  f.c.c.  modification,  whereas  filings  heat 
treated  simultaneously  with  the  specimen  were 
predominantly  f.c.c.  A massive  specimen  (Cooper 
1)  cooled  rapidly  from  400°  to  room  temperature 
gave  the  same  results. 

Efforts  made  to  examine  the  end  of  a lanthanum 
piece  in  the  form  of  a cylinder  were  not  very  success- 
ful, due  to  difficulties  encountered  in  protecting 
the  lanthanum  surface  from  reaction  v-ith  air. 
However,  sufficiently  satisfactory  results  were 
obtained  tc  show  that  massive  lanthanum  sped 
mens  from  all  six  samples  were  predominantly  in 
the  f.c.c.  form  after  heat  treatment  at  350  49U  . 
The  surfaces  examined  were  not  mechanically 
strained  by  filing,  etc.,  between  the  heat  treatment 
and  the  X-ray  examination.  However,  filings 
taken  from  these  specimens  or  irom  specimens  heat 
treated  in  a similar  manner  were  always  predomi- 
nantly h.c.p. 

In  two  instances  (Specimen  La  12,  Cooper  3; 
and  Specimen  La  14,  Spedding  2)  the  surface  of  a 
heat  treated  (350-400°)  spedmen  was  examined 
both  before  and  after  roughening  the  surface  by 

(18)  F.  Trombe  ami  M.  Foex,  Ann.  chim.,  1»,  417  (1944). 
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filing.  It  was  found  that,  whereas  before  filing 
the  structure  was  predominantly  f.c.e.,  after  filing 
the  surface  showed  a predominantly  h.c.p.  struc- 
ture. 

Examination  of  massive  specimens  of  the  differ- 
ent lanthanum  samples  in  the  “as  received"  slate 
was  complicated  by  the  fact  that  the  specimens  were 
always  coated  with  a layer  of  oxide  which  had  to  be 
removed  by  filing.  The  two  specimens  examined 
(Hilger,  Cooper  3)  gave  predominantly  h.c.p. 
structures  both  as  massive  specimens  and  as  filings. 

Attempts  were  made  to  obtain  a surface  which 
was  free  of  strain  or  surface  contamination  by  the 
use  of  various  etching  and  electropolishing  tech- 
niques. Many  combinations  were  tried.  With  a 
number  of  etching  solutions,  particularly  those 
containing  acids,  a black  film  or  deposit  formed  on 
the  lanthanum  even  when  used  as  the  anode.  This 
deposit  was  found  by  X-ray  diffraction  to  be  lan- 
thanum hydride.1* 

The  experiments  on  massive  specimens  lead  to 
the  conclusion  that  the  mechanical  strains  set  up 
in  filing  are  sufficient  to  transform  f.c.c.  lanthanum 
to  h.c.p.  lanthanum  at  room  temperature.  This 
may  be  iclaual  to  the  tact  that  lanthanum  is  a 
relatively  soft  metal  having  a hardness  approxi- 
mately ihat  of  zin  . It  also  appears  that  the 
massive  lanthanum  specimens  probably  are  con- 
verted to  the  f.c.c.  form  by  the  same  heat  treat- 
ment used  to  convert  the  filings  (ix.,  several  days 
at  350-400°).  Finally,  none  of  the  massive  speci- 
mens of  lanthanum  examined  was  definitely  shown 
to  have  wholly  the  hic.p.  structure. 

The  general  behavior  of  lanthanum  as  regards 
the  h.c.p.  f.c.c.  transition  observed  in  this  re- 
search has  some  similarity  to  the  corresponding 
transition  in  cobalt  studied  by  Troiano  and  Tok- 
ich,1*  In  particular,  the  ready  conversion  of 
the  f .c.c.  to  the  h.e.p.  modification  by  deformation 
such  as  filing  is  observed  for  both  metals. 

Low  Temperature  Modification  of  Lanthanum. — 
Trombe14  has  observed  an  anomaly  in  the  magnetic 
susceptibility  o?  lanthanum  at  110°K.  which  in- 
dicated the  possible  existence  of  a structure  transi- 
tion. However,  subsequent  dilatometric  measure- 
ments by  Trombe  and  Foexlf  zad  specific  heat 
measurements  by  Parkinson,  et  al.,w  have  revealed 
no  anomaly  in  this  region. 

In  the  present  work  lanthanum  filings  in  the  h.c.p.  modi- 
fication (Cooper  1,  Spedding  1)  and  f.c.c.  modifications 
(Cooper  1,  Cooper  3,  Spedding  1,  and  Spedding  2)  were  ex- 
amined before  and  after  cooling  to  2*K.  (The  capillaries 
were  placed  in  the  experimental  chamber  of  the  helium 
cryostat.  The  rate  of  cooling  the  cryostat  to  liquid  heiium 
temperatures  varied  somewhat  from  run  to  run.)  The 
h.c.p.  filings  showed  no  changes  as  a result  of  cooling.  The 
f.c.c.  filings,  in  general,  also  showed  no  change  in  structure. 
However,  in  one  experiment  f.c.c.  filings  of  Spedding  1 
showed  some  conversion  to  the  h.c.p.  structure.  This  war 
not  observed  in  a subsequent  experiment. 

Massive  specimens  of  Cooper  3,  Spedding  1 and  Spedding 
2,  presumed  to  have  the  f.c.c.  structure  as  a result  of  heat 
treatment  at  350*,  were  examined  after  cooling  to  2*K.  in 
the  helium  cryostat.  The  CvOpu  3 and  Spedding  1 speci- 
mens had  the  f.c.c.  structure  with  no  evidence  for  any 
h.c.p.  structure,  while  the  Spedding  2 specimen  appeared 


(19)  A.  R.  Troimno  ajid  L,  Tolrich,  Mtlals  Ttchnol.,  19,  No.  3,  Tech. 
Pub.  No.  2348  / 1948). 

(20)  D.  H.  Parklnaoa,  P.  B.  Slaton  mud  P.  H.  Speddinc,  Proc.  Roy. 

Sec.  *).  MTA,  187  (1961). 


to  be  a mixture  of  the  two  structures.  One  massive  speci- 
men (La  7,  Cooper  1)  presumed  to  be  in  the  f.c.c.  structure 
as  a result  of  heat  treatment  at  360°  was  examined  17 
months  after  being  cooled  at  2*K.  and  found  still  to  have 
the  f.c.c.  structure.  Thus,  there  was  some  evidence  that 
the  f.c.c.  — * h.c.p.  transition  occurred  partially  in  the  pur- 
est specimens  (Spedding  1 and  2)  as  a result  of  cooling  to 
helium  temperatures. 

Part  XL  Superconductivity  Studies 
The  six  different  lanthanum  samples  were  ex- 
amined for  superconductivity  in  the  “as-received* 
condition  and  after  heat  treatment.  The  purity 
ot  these  materials,  together  with  the  method  of  heat 
treatment  and  the  X-ray  diffraction  analysis  have 
been  discussed  in  Part  I of  this  paper. 

Apparatus  and  Experimental  Techniques. — The  cryostat 
used  was  similar  to  one  described  by  Horn  and  Ziegler.*1 
The  Simon  expansion  method  was  used  to  produce  liquid 
helium  in  an  upper  helium  reservoir.  Below  the  helium 
reservoir  was  suspended  the  experimental  chamber,  into 
which  helium  could  be  condensed  at  will  by  bringing  low 
pressure  helium  gas  into  contact  with  the  helium  reservoir. 
The  copper  experimental  chamber  consisted  of  two  ports,  an 
upper  section  to  which  the  gas  and  the  constantan  resistance 
thermometers  were  attached,  and  a lower  section  (ma- 
chined from  a solid  copper  rod)  hi  which  the  specimens  to  be 
tcctcd  fer  i^pu'uvuuucuviiy  were  located. 

The  tempera tme  of  the  experimental  chamber  was  deter- 
mined by  means  of  a helium  gas  thermometer  of  the  type 
described  by  Mendelssohn,**  the  helium  pressure  being 
measured  both  by  a Bourdon  gage  and  a capillary  mercury 
manometer.  The  thermometer  was  filled  with  helium  gas 
at  one  atmosphere  pressure  while  at  room  temperature  and 
then  sealed  off. 

Temperatures  were  calculated  from  the  helium  pressure 
on  the  assumption  that  the  thermometric  system  consisted 
of  two  volumes,  one  at  room  temperature  ( V,)  and  the  other 
at  low  temperature  (the  thermometer  bulb,  Kb)  connected 
by  a capillary  tube  of  negligible  volume.  Gas  imperfection 
was  talon  into  account  by  making  use  of  the  virial  coeffi- 
cients for  helium  given  by  Keesom.**  The  maximum  cor- 
rection arising  from  gas  imperfection  was  0.15°.  The  ratio 
of  the  two  volumes  was  determined  by  experiment  at  the 
normal  boiling  point  of  liquid  helium  to  be  12.4.  Kb  was 
1.6  cc. 

The  sensitivity  of  the  gas  thermometer  was  about  0.04* 
per  p-m.  in  the  range  3 to  £.6*K.  Reading;  were  made  to 
0.5  mm.  Below  2.6°K.  the  gas  thermometer  acted  as  a 
vapor  Drew  re  ther™ ''meter.  The  vapor  pressure  of  liquid 
helium  it  the  experimental  chamber  was  also  used  to  deter- 
mine the  temperature  below  4.3*K. 

The  absolute  accuracy  of  the  temperature  scale  is  believed 
to  be  about  0.05s  in  the  range  3 to  4.5*K.  decreasing  to  0.1* 
at  5.5*K. 

The  constantan  resistance  thermometer  was  used  to  fol- 
low the  temperature  changes  of  the  experimental  chamber, 
particularly  during  the  actual  transitions.  This  thermome- 
ter had  a resistance  of  1069  ohms  at  4.2°K.  and  a dX/d  T of 
approximately  one  ohm  per  degree  over  the  range  1.8  to 
20 4K.  Temperature  changes  of  0.01-0.02*  could  be  de- 
tected with  this  thermometer. 

The  system  for  the  magnetic  detection  of  superconduc- 
tivity® consisted  of  a primary  coil,  wound  on  the  lower  end 
of  the  brass  vacuum  case,  and  four  equally  spaced  seconds ry 
coQs  SI , S2,  S3  and  S4,  wound  on  the  outside  of  the  experi- 
mental chamber  and  coaxial  with  the  primary  coil.  The 
primary  coS,  constructed  of  1117  turns  of  No.  30  AWG 
copper  wire,  was  15.1  cm.  long.  The  secondary  coilb  con- 
sisted of  approximately  3000  turns  of  No.  40  AWG  single 
cotton  enameled  copper  wire.  Each  cofl  was  2.2  era.  long. 
In  all  experiments  coil  SI  was  empty,  the  specimens  under 
test  being  located  in  coils  S2,  S3  and  S4. 

The  experimental  procedure  for  detecting  superconduc- 
tivity was  as  follows:  with  the  experimental  chamber  at  a 
fixed  temperature  somewhat  above,  the  expected  transition 


(21)  F.  H.  Horn  and  W.  T.  Ziegler,  Tnta  Joo*«*x.,  St,  27S2  (1947). 

(22)  K.  MeudcLeohn.  Z.  Physik,  H,  482  (1931). 

(2?)  V.  H.  Keesom,  “Helium,”  Elsevier  Publishing  Co.,  New  Yo,,., 
N.  Y.,  1942,  p.  49. 
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Tabus  III 

Crystal  Structure  of  Lanthanum  Spi  omens 

Crystal  otructerc 

A*-.ec«irtd  Beat  treatment 


Source 

Specimen 

Specimen  dimetu’on*.  mm. 

condition 

Alter  hot  treatment* 

Dtjn 

Temp.,  «C. 

Cooper  1 

La  2 

Cyl.  20.3  X 4.8 

h.C.p.* 

f.c.c.*'’ 

La  1 

Cyl.  19  X 4.4 

h.c.p.* 

4 

350 

La  4F 

Powder 

h.c.p. 

f.c.c 

4 

350 

Cooper  2 

La  6 

Cyl.  12.3  X 4.1 

h.c.p* 

f.CX.*'* 

4 

360 

La  7 

Cyl.  11.4  X 4.2 

h.c.p.* 

Lex.* 

4 

700 

Cooper  3 

La  10 

Cyl.  19  X 4.4 

hx.p.“ 

f.c.c.* 

4 

350 

Spending  1 

La  IS 

Cyl.  9.8  X 4.4 

h.c.p.“ 

f.C-C.**/ 

M 

350 

La  2S 

Cyl.  9.9  X 4 ' 

hx.p.*"/ 

f.c.c.* 

4 

350 

Speddiag  2 

La  15 

Cyl.  20  X 4.4 

f.c.c.  and  some  hx-p.*** 

La  14 

Cyl.  25  X 4.4 

4 

360 

ffilger 

La  3 

Rect.  piece  4 X 11.6  X 2.6 

bc.p  * 

Lex.*-* 

4 

350 

* Structure  of  filings  taken  from  specimen  before  low  temperature  experiment.  * Structure  of  filings 
taneously  with  specimen.  * Structure  of  massive  specimen  from  same  source  heat  treated  in  nimilnr  manner  but  at  a different 
time.  * Filings  taken  from  massive  specimens  after  heat  treatment  always  had  b.c.p.  structure,  due,  it  is  believed,  to  the 
con  version  of  Lex.  to  h.c.p.  modification  as  result  of  the  filing  operation . * Structure  after  cocung  to  2 *K. ; another  unidenti- 
fied structure,  presumably  the  result  of  surface  oxidation,  also  present.  1 Structure  cf  massive  specimen  siter  cooling  to 
4-2°K.  • Structure  of  massive  specimen  before  cooling. 


temperature,  coil  SI  and  the  coil  surrounding  the  specimen 
(for  example  S2)  were  connected  externally  in  such  a manner 
that  on  dosing  the  primary  circuit  the  voltages  induced  in 
the  coils  opposed  each  other.  A galvanometer  in  the  aee- 

ondarv  (im! it  nnlinarly  rave  a Hefleetion  when  the  nrtmary 

was  energized.  This  deflection  could  be  reduced  to  zero  by 
suitable  adjustment  of  an  external  variable  inductance  in 
the  secondary  circuit. 

With  the  secondary  circuit  balanced,  the  primary  circuit 
was  energized  at  iO-15-second  intervals  during  a series  of 
measurements  in  which  the  temperature  of  the  experimental 
chamber  was  slowly  lowered  (or  raised);  any  unbalancing  of 
the  coils  arising  from  the  occurrence  of  superconductivity 
in  the  specimen  was  observed  as  a galvanometer  deflection. 
Prom  the  variation  of  deflection  with  temperature  the  course 
of  the  transition  could  be  followed.  The  maximnm  deflec- 
tion depended  upon  the  magnitude  of  the  primary  current 
and  the  volume  of  the  specimen.  With  the  primary  cur- 
rent 1 0-28-0.27  antp.)  and  the  specimen  size  (1 .3-1.8  *•) 
usually  used,  galvanometer  aenecuons  or  if-o  cm.  were  ob- 
served when  a specimen  became  superconducting. 

In  the  range  8 to  4.2°K.  cooling  of  the  specimen  was 
achieved  by  allowing  the  helium  pressure  is  the  experimen- 
tal chamber  to  decrease  slowly  to  atmospheric  pressure.  ~ 
Temperatures  below  4.2“K.  were  obtained  by  pumping  on 
the  experimental  chamber.  Warming  was  achieved  by 
allowing  the  experimental  chamber  to  warm  up  as  a result 
of  heat  leak  or,  in  later  experiments,  by  means  of  a heater 
wound  on  the  lower  end  of  the  experimental  chamber.  This 
heat  leak  was  due  primarily  to  the  copper  lead  wires  leading 
to  the  experimental  chamber  which  were  in  imperfect  con- 
tact with  the  main  helium  reservoir.  The  heat  leak  was 
largely  eliminated  in  the  later  experiments  by  a rearrange- 
ment of  the  copper  leads. 

The  lanthanum  specimens  usually  were  approximately 
cylindrical  in  shape.  They  had  weights  varying  from  0.7  to 
2.5  g.,  and  usually  had  a length  of  20-22  mm.  and  a diame- 
ter of  4.6-4.9  mm.  To  prevent  air  oxidation  each  speci- 
men was  sealed  at  room  temperature  in  a small  capsule 
(made  of  7 mm.  Pyrex  glass  tubing)  under  helium  gas  at  10- 
xjem.  pressure,  'me  capsules  (usually  three)  were  separated 
by  Lucite  spacers,  and  the  entire  assembly  held  together 
with  cellulose  acetate  cement.  The  spacers  were  so  con- 
structed that  each  specimen  was  positioned  approximately 
at  the  center  of  its  secondary  coil. 

Experimental  Results 

The  physical  dimensions  and  heat  treatment  of  the  various 
specimens  tested  for  superconductivity  arc  summarized  in 
Table  III.  Table  IV  summarizes  the  results  of  the  tests 
for  superconductivity.  The  transition  range  given  in 
Table  IV  corresponds  to  the  temperature  interval  in  which  at 
least  95%  of  the  total  galvanometer  deflection  arising  from 
the  magnetic  transition  occurred.  The  transition  tempera- 
ture given  corresponds  to  the  temperature  at  which  one-half 
of  the  total  deflection  was  noted.  Readings  of  the  deflection 


Table  IV 

Superconductivity  op  Lanthanum  Specimens 
AwtrinJ 


condition 

Alter  bent  treatment 

Source  of  Specimen 
linthmaa  dwfnatkn 

xxmusk* 
t ion 
tmnp. 

jl  rani 
Ikta 

reuse 

(dr*.) 

Transition 
temp.,  *K. 

tma* 

tion 

range 

(deg.) 

Cooper  1 

La  2 

5.05 

0.15 

la  1 

5.0 

.1 

5.2 

0.1 

L»*4F 

3.9 

.3 

5.25 

.3 

Cooper  2 

La  0 

3.2 

.2 

La  7 

3.1 

.3 

3.2 

.2 

Cooper  3 

La  10 

3.55 

.22 

4.2 

.07 

Spedding  1 

LalS 

5.2 

.2 

5.4 

.15 

L&2S 

5.3 

0.6-0. 8 

Spedding  2 

La  15 
La  14 

5.45 

.3 

5.5 

.25 

Hilger 

La  3 

4.6 

ea.  .1 

5.4 

.1 

were  reproducible  to  about  1 nun.  when  the  specimen  was 
maintained  at  a fixed  temperature.  In  general,  the  mid- 
point of  the  transition  has  been  computed  from  the  gas 
thermometer  reading.  The  transition  range,  as  well  as  the 
wanning  and  cooling  rotes,  were  computed  from  the  re- 
sistance thermometer  readings.  Warming  and  cooling 
rates  of  0.1-0.25*  per  minute  were  usually  employed. 

Figures  1 and  2 show  typical  transition  curves.  In  these 
plots  the  fraction  of  the  total  gnlvancmeter  reflection  re- 
sulting from  the  transition  into  superconductivity  has  been 
expressed  as  a per  cent,  change  in  magnetic  induction.  In 
a number  of  instances  the  transition  curve  found  on  cooling 
lay  0.05-0.1*  below  that  obtained  on  warming.  In  other 
instances  no  consistent  differences  wae  noted.  It  is  not 
clear  whether  these  differences  represent  ea  actual  hysteresis 
in  the  transition  or  resulted  from  temperature  inequalities! 
However,  on  the  basis  of  the  rapidity  cf  response  of  the  speci- 
men to  temperature  v&iutuOn  when  in  the  transition,  it  is 
believed  that  much  of  this  difference  represents  a tempera- 
ture gradient  between  the  thermometers  and  the  specimen - 

Discussion  of  Results 

The  occurrence  of  superconductivity  in  lan- 
thanum was  first  observed  by  Mendelssohn  and 
Daunt2*  using  a magnetic  method.  These  investi- 
gators reported  a transition  temperature  of  4.71  °K. 
for  a specimen  reported  to  contain  98%  La,  1% 
Fe,  and  traces  of  C,  Si,  A1  and  Mg.  Sboenberg,® 
also  using  a magnetic  method,  has  reported  that  a 

(24)  K.  Mcudelmoho  and  J.  O.  Daunt,  tri,  Iff,  473  (1937). 

(26)  D.  Sb ocabcrg,  Pro*,,  C*a&.  P£Z.  Sx.,  fB,  677  (1937). 
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Fig.  1. — Superconductivity  of  lanthanum  filings  (Cooper 
1)  before  and  after  heit  treatment  for  4 days  at  350*. 
Dotted  curve  shows  transition  in  bulk  specimen  after  same 
heat  treatment. 


Fi*.  2. — Superconductivity  of  lanthanum  (Speddic?  2) 
after  heat  treatment  for  4 days  at  350*.  Dotted  curve 
shows  transition  before  heat  treatment  (La  IS). 

lanthanum  specimen  (Hilger,  Lab.  No.  7259), 
presumably  similar  to  our  Hilger  specimen,  was 
superconducting  at  4.2°K.  On  the  other  hand, 
McLennan,  Allen  and  Wilhelm,”  using  the  elec- 
trical resistance  method,  observed  no  supercon- 
ductivity in  a “pure”  specimen  of  lanthanum  over 
the  range  300  to  1.9°K.  The  crystal  structure  of 
these  specimens  was  not  given. 

More  recently  Parkinson,  Simon  and  Spedding” 
have  observed  a rather  sharp  specific  beat  anomaly 
at  4.37°K.  in  a specimen  of  lanthanum  having  a 
purity  similar  to  our  Spcdding  2 specimen.  They 
Uitcfprctcd  this  anomaly  as  arising  from  a super- 
conducting transition.  These  investigators  reported 
that  a check  ou  the  crystal  structure  c;  their 
lanthanum  at  room  temperature  showed  lines 
corresponding  to  both  hexagonal  close-packed  and 
cubic  dose-packed  forms.  They  attributed  the 
lack  of  sharpness  of  the  thermal  transition  to  the 
known  presence  of  both  phases  in  the  specimen. 

In  the  present  work  the  superconducting  transi- 
tion temperature  of  massive  specimens  of  the  six 
different  lanthanum  samples  tested  ranged  from 
3.1°  to  5.5°K.  (Table  IV).  A preliminary  report 

(28)  ).  C.  McLennan,  }.  F.  Allen  and  J.  O.  Wilhelm.  Phil.  Mat..  PI 
10,  500  (1920). 


on  two  of  these  specimens  has  beer,  made  else- 
where.*7 Heat  treatment,  which  presumably  con- 
verted the  specimens  to  the  f c.c.  form  and  at  the 
same  time  removed  strains,  raised  the  transition 
temperature  somewhat,  while  at  the  same  time 
(with  one  exception,  La  2S)  the  transition  range 
was  narrowed  somewhat  or  remained  essentially 
unchanged. 

The  crystal  structure  of  the  massive  specimens 
studied  for  superconductivity  in  the  “as-received” 
state  is  not  known  with  certainty,  though  filings 
taken  from  the  specimen  in  all  cases  had  primarily 
the  h.e.p.  structure.  The  attempts  to  fix  the  struc- 
ture of  these  massive  spedmens  have  been  dis- 
cussed in  Part  I of  this  paper.  However,  the 
specimen  La  4F  (Cooper  1 in  the  form  of  filings) 
which  became  superconducting  at  3.9°K.  was 
shown  to  have  the  h.c.p.  structure  both  before 
and  after  cooling  to  2°K.  Thus.  «t  appears  that  the 
h.c.p.  form  of  lanthanum  (presumably  in  a strained 
state)  is  a superconductor;  the  transition  tempera- 
ture of  h.c.p.  lanthanum  in  the  strain-free  state 
remains  to  be  determined. 

The  structure  studies  made  of  massive  spedmens, 

as  "rell  oc  nf  Pnrinpr  1 (Is*  IV  (VlOOftT  2 

(La  6)  and  Hilger  (La  3)  lanthanum,  heat  treated 
as  described  in  Table  IV,  showed  that  these  speci- 
mens very  probably  had  predominantly  the  f.c.c. 
structure  before  cooling  to  2°K.  None  of  these 
specimens  was  examined  immediately  after  cooling. 
However,  filings  from  these  samples,  known  to  be 
f.c.c.  before  cooling,  showed  no  change  in  structure 
as  a result  of  being  cooled  to  ^°K.  Massive  speci- 
mens of  Cooper  2 (La  7),  Cooper  3 (La  10)  and 
Spedding  1 (La  IS)  were  found  to  have  the  f.c.c. 
structure  after  cooling  to  helium  temperatures. 
The  specimen  La  4F  (Cooper  l filings)  was  shown 
to  have  the  f.c.c.  structure  both  before  and  after 
cooling  to  2°K.  All  of  these  specimens  were  super- 
conductors, the  two  purest  (Hilger  and  Spedding  1) 
having  the  highest  transition  temperatures  ( ca . 
5.4°K.).  We  condude,  therefore,  that  f.c.c.  lan- 
thanum is  a super  conductor  with  a transition 
temperature  near  5.4°K 

The  occurrence  of  superconductivity  in  both  the 
h.c.p.  and  f.c.c.  modifications  of  lanthanum  is  in 
agreement  with ‘an  empirical  observation  relating 
structure  and  superconductivity  made  by  Born 
and  Cheng.” 

There  was  some  evidence  that  one  of  the  heat 
treated  Spedding  1 specimens  (La  2S)  may  have 
been  a mixture  of  the  h.c.p.  and  f.c.c.  modifica- 
tions. This  may  account  for  the  broad  transition 
(0.6-0.80)  observed  with  this  specimen.  On  the 
other  hand,  the  sperimen  La  14  (Spedding  2), 
which  contained  a considerable  amount  of  the  h.c.p. 
modification,  bad  a small  transition  range  (0.25°) 
and  the  highest  transition  temperature  (5.5°K.). 

While  there  was  little  difference  in  behavior 
between  the  three  Cooper  samples  as  regards  the 
h.c.p.-f.c.c.  transition,  there  was  considerable 
difference  in  their  superconducting  transition  tem- 
peratures both  before  and  after  heat  treatment. 
Much  of  this  difference  in  behavior  was  probably 

(27)  W.  T.  Ziegler,  J.  C 'hem.  Pkys..  M,  838  (1948) 

(28)  M.  Horn  ami  K.  *1.  Cheng.  J.  phys.  radium , f8|  §, 
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due  to  the  differing  purities  of  the  matena’s.  The 
occurrence  of  lanthanum  hydride  in  these  samples 
(as  indicated  both  by  X-ray  diffraction  and  from 
the  method  of  preparation  of  the  metal)  suggested 
that  the  lower  transition  temperature  of  the 
Cooper  2 sample  might  be  due  to  the  presence 
of  hydrogen,  since  it  has  been  shown  that  lan- 
thanum hydride  (LaH».«)  is  not  a superconductor 
down  to  1.8°K.,S  However,  heat  treatmentof  La  7 
in  high  vacuum  for  four  days  at  700°  resulted  in 
no  marked  change  in  the  superconducting  transi- 
tion temperature  or  the  width  of  the  transition , 
although  this  treatment  has  been  found  adequate 

(29)  W.  T.  Zicrler  and  R.  A.  Young,  Proc.  Int.  Conf.  on  Low  Tem- 
perature Phytic*.  Oxford,  England,  August,  1951,  p.  124. 


to  convert  lanthanum  hydride  to  lanthanum  metal.** 
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